ABSTRACT. The chemical composition of animal tissues such as teeth appears to reflect an individual's exposure to its geochemical environment. In this study, the lead (Pb) isotope composition of dental cementum was used to investigate the stock structure of Atlantic walrus (Odobenus rosmarus rosmarus) in the Canadian Arctic and Greenland. The 12 communities providing walrus samples for this study represent most of the Canadian and Greenlandic villages where walrus still form an important part of the traditional Inuit diet. Significant differences between locations in mean Pb isotope ratios and the limited overlap of the ranges of values indicate that each village harvested walrus herds that exploited substantially different geological/geographical habitats. This geographic segregation based on isotopic signatures suggests that most walrus stocks (i.e., the groups of walrus that interact with hunters at each community) are more localized in their range than previously thought.
INTRODUCTION
Atlantic walrus (Odobenus rosmarus rosmarus) are an important part of traditional Inuit diets throughout much of the Arctic. There are indications that Atlantic walrus occur in separate stocks; however, the present population numbers, trends, and stock structures are poorly understood in several regions (Born et al., 1995) . Such information is necessary to develop a management strategy adequate to prevent overhunting and assist the subspecies in reestablishing its pre-European contact distribution and population numbers (Born et al., 1995) . In the present paper, "stocks" (or "management units") are defined as groups of walrus that interact with humans and can be exploited and managed independently of other groups (Royce, 1972) . Because human exploitation of animals usually occurs in a series of hunting areas, stock definitions are also intrinsically geographical in nature. We consider a "population" to be a group of organisms with a substantially higher amount of genetic exchange within the group than outside it (Pianka, 1978) . A population may have a much broader geographical distribution than a stock and encompass many stocks (harvested groups). A stock or management unit may include members of more than one population.
The structure and the interrelatedness of Atlantic walrus stocks are the subjects of on-going research using a variety of morphological (Knutsen and Born, 1994; GarlichMiller and Stewart, 1998) , tracking (Born and Knutsen, 1992; Wiig et al., 1996) , and genetic techniques (Andersen et al., 1998; Andersen and Born, 2000; Born et al., 2001 ). Previous observations of Atlantic walrus distribution and the existence of independent management regimes suggested eight "regional stocks" (Born et al., 1995) . Six of these occur in Canada and Greenland (see Fig. 1a ): (1) Foxe Basin; (2) southern and eastern Hudson Bay; (3) northern Hudson Bay -Hudson Strait -southeastern Baffin Island -northern Labrador; (4) western Greenland; (5) "North Water" (Baffin Bay -eastern Canadian High Arctic); and (6) eastern Greenland. Exchange of individuals is thought to occur between stocks #2 and 3 and between stocks #3 and 4, although the extent of intermixing is unclear (Born et al., , 1995 .
Recently, a biogeochemical approach to walrus stock discrimination involving the analysis of trace elements and lead (Pb) isotopes in tooth cementum indicated previously unrecognized stocks within some of the putative regional groupings in the eastern Canadian Arctic . The approach, which was pioneered with African elephants (Loxodonta africana; van der Merwe et al., 1990; Vogel et al., 1990) , is based on the fact that animals accumulate elements or stable isotopes from their surrounding environment in calcified tissues such as teeth and tusks. Groups of animals exploiting habitats with geochemical differences may reflect those differences in the characteristic element or isotopic compositions of their teeth. Thus, nonrandom geographic patterns in the chemical composition of teeth may be used to infer the previously unrecognized existence of groups of animals that exploit different habitats (i.e., stocks, sensu Royce, 1972) . Walrus feed primarily on bivalves and other sedentary invertebrates (Fay, 1982; Fisher and Stewart, 1997) , and the elemental and isotopic composition of their diet should reflect the local geochemical environment.
The key walrus stock diagnostics reported by Outridge and Stewart (1999) were Pb isotope ratios (  206 Pb/  207 Pb and  208 Pb/ 207 Pb) and concentrations of cobalt (Co), zinc (Zn), vanadium (V), and molybdenum (Mo) in teeth. However, the dental trace element contents of harvested walrus varied significantly over an eight-year span, suggesting that these may not be suitable as long-term diagnostics. The isotope ratios of heavy mass elements such as strontium (Sr) and Pb are controlled solely by geological processes and are not measurably affected by different feeding strategies or by physical, chemical, or biological processes (Dickin, 1995; Flegal and Smith, 1995; Outridge and Stewart, 1999; Blum et al., 2000) . Of the four natural lead isotopes ( 204 Pb, 206 Pb, 207 Pb, and 208 Pb), the latter three are derived respectively from radiogenic decay of 238 U, 235 U, and 232 Th in the continental crust or mantle (Dickin, 1995) . Lead isotope ratios in High Arctic bivalve shells and in walrus teeth from Igloolik, Canada, have remained constant for at least the past 500 to 6000 years (Outridge et al., 1997 . Stability over such time scales makes these ratios more reliable than element concentrations for stock discrimination.
The present study arose from the work of Outridge and Stewart (1999) . It expands the geographic coverage of that study, and provides complete and high-precision Pb isotope data for a subset of animals using a second analytical technique. Walrus teeth were obtained from three additional communities in Greenland (Thule, Sisimiut, and Scoresbysund) and three in Canada (Repulse Bay, Coral Harbour, and Loks Land), as well as new samples from Grise Fiord. These teeth were analyzed for 206 Pb/ 207 Pb and 208 Pb/ 207 Pb by inductively coupled plasma mass spectrometry (ICP-MS) for comparison with the earlier study. Selected samples from most sites were also analyzed by thermal ionization mass spectrometry (TIMS), which provides about a 10-fold improvement in the precision of isotope ratio measurement over ICP-MS (Hinners et al., 1998) and measures the least abundant Pb isotope, 204 Pb. TIMS analyses are time-consuming and many times more expensive per sample than ICP-MS, so they are not routinely applied to all samples but are used to resolve subtle differences between locations that could not be resolved by ICP-MS. The 204 Pb-based isotope ratios are also readily compared to data on basement rocks in the various regions, and this paper evaluates the degree of correspondence between Pb isotopic composition in walrus and that in local geology.
MATERIALS AND METHODS
Walrus were sampled as part of subsistence hunts and were assigned for statistical purposes to the communities where they were landed. Although the exact capture locations of walrus were not usually recorded, anecdotal reports from Foxe Basin suggest that hunters rarely travel more than 150 km from their communities (Riewe, 1992) . Sample sizes at each site vary depending on the number of walrus captured each year. At several sites, animals from multiple years of harvesting were available for this study. Capture dates ranged from 1988 to 1996. Mandibular teeth were extracted at time of capture (or, in the case of Greenland samples, from mandibles in the laboratory) for later sectioning and ageing by enumeration of dental cementum growth layers (Garlich-Miller et al., 1993) . Teeth were chosen as indicator tissues for isotope analysis because they grow incrementally through life and are not resorbed (Fay, 1982; Hillson, 1986) . The Pb isotope value for each walrus therefore represents an integrated average of lifetime Pb ingestion and accumulation in teeth. The procedures for preparation and ICP-MS analysis of the samples followed Outridge and Stewart (1999) . Briefly, a thin section of cementum including all growth layers was excised and acid-digested before preconcentration of the Pb by chelation ion chromatography. The isotopes 206 Pb, 207 Pb, and 208 Pb were measured by solution nebulization ICP-MS. Replicates of National Institute of Standards and Technology (NIST) 1400 Bone Ash Standard Reference Material (SRM) were interspersed with the tooth samples. Although NIST 1400 is not certified for Pb isotopic composition, it was analyzed by the TIMS laboratory used here as part of an inter-laboratory study (Hinners et al., 1998; see Laboratory "C" Pb/ 207 Pb (mean ± S.D., N = 10), which agreed closely with the information values provided by Hinners et al. (1998) and were within 0.6% of the results reported by Outridge and Stewart (1999) of 1.166 ± 0.006 and 2.458 ± 0.005, respectively (N = 13). Analytical error for the ICP-MS technique was defined as three times the S.D. of the NIST 1400 analyses, i.e., ± 0.006 for 206 Pb/ 207 Pb and ± 0.018 for 208 Pb/ 207 Pb. Because the Pb concentrations in digest solutions of the NIST 1400 SRM and tooth samples were similar, analytical errors are also similar.
Other sections of cementum from selected teeth (N = 25) were removed for TIMS analysis. Each sample was decontaminated by immersing it briefly in 10% HNO 3 and distilled deionized (DD) water and then washed in DD water in an ultrasonic bath. Preparation and analytical techniques followed Hinners et al. (1998; Laboratory "C") . Briefly, the Pb was separated and concentrated from tooth material by passing acid-digested samples through anionexchange columns. Lead isotopes were measured by single-filament TIMS, using NIST 981 SRM to correct for mass fractionation. Reproducibility, estimated from replicate analyses of NIST 981, was 0.05% per amu (1δ/mass unit). The median difference in isotopic ratios for samples analyzed by both ICP-MS and TIMS was 0.38% for 206 Pb/ 207 Pb and 0.10% for 208 Pb/ 207 Pb. Differences between methods (ICP-MS and TIMS) were compared using paired ttests. There was a significant difference between methods for 206 Pb/ 207 Pb (p = 0.03), but not for 208 Pb/ 207 Pb (p = 0.31). Isotope ratios were arc-sine square root (x/10) transformed before statistical analysis. Relationships between Pb isotopic composition and age or gender were tested by one-way analyses of variance grouped by site for locations with relatively large numbers of landed animals (Hall Beach, Igloolik, Thule, and Scoresbysund). No significant age or gender effects were found, and thus the subsequent tests were for site-related differences only. Differences between sites were tested with a one-way analysis of variance followed by a Tukey HSD test for unequal numbers of replicates. Significant differences cited in the text are at p < 0.05. Because the samples from Repulse Bay, Loks Land, and Resolute animals were limited (N ≤ 5), they are discussed in the text but not included in the statistical comparisons. For comparison with these communities, walrus landed at other locations that differed by more than analytical error were regarded as being isotopically differentiated.
RESULTS
For the sake of completeness, the ICP-MS data in this report include the 109 walrus reported by Outridge and Stewart (1999) . New samples analyzed by ICP-MS consisted of 74 animals from Greenland sites and 24 additional animals from Canada. Differences between walrus landed at various communities will be discussed in the context of the regional stocks identified by Born et al. (1995) .
ICP-MS analysis indicated that the mean 206 Pb/ 207 Pb or 208 Pb/ 207 Pb values (or both) of animals landed by most of the communities were significantly different from those at any other community in the same stock area (Table 1) . In most cases, the ranges of Pb isotope ratios at adjacent sites differed by more than analytical error, with negligible overlap. Within the N Hudson Bay-SE Baffin Island stock (stock #3; see Fig. 1a ), most Coral Harbour animals were different from those landed at Repulse Bay and Loks Land. Although sample numbers were small at the latter two sites, the animals landed there differed by at least 7% in terms of 206 Pb/ 207 Pb, which is a large margin in a global context (see Sangster et al., 2000) . Limited overlap occurred between the radiogenic (higher) end of the Coral Harbour range and Repulse Bay, and between the nonradiogenic portion of the Coral Harbour range and Loks Land (Fig. 2a) , suggesting that a few Coral Harbour walrus shared common habitats with some of the animals landed at those communities. Overlap also occurred between Coral Harbour and Loks Land in stock #3 and Akulivik in the adjacent SE Hudson Bay stock (#2) (Fig. 2a) . Akulivik and Sisimiut (stock #4) were largely different, with a few overlapping values. Sisimiut walrus were also clearly different from stock #3, with no evidence of individuals common to both stocks. As reported by Outridge and Stewart (1999) , Inukjuak walrus (stock #2) were isotopically differentiated from those at Akulivik, and the new data show that they were significantly different from animals landed from stocks #3 and #4 as well.
Within the proposed North Water regional stock (#5), approximately 80% of the animals landed at Thule and 20% of those landed at Grise Fiord had dissimilar signatures, indicating that they were not shared between the two communities (Fig. 2b) . Resolute animals could not be distinguished from the other stock #5 sites with ICP-MS data. Scoresbysund walrus (stock #6) contained the most nonradiogenic Pb of any group in the study area, while Igloolik and Hall Beach animals (stock #1) contained the most radiogenic Pb (Table 1) . A number of communities, especially Hall Beach, Thule, Sisimiut, Grise Fiord and Inukjuak, landed several walrus that exhibited quite different isotopic signatures from most of the animals harvested there. These "outliers" resulted in relatively high within-site variances at these locations and may represent displaced or migrating individuals (R. Stewart and P. Outridge, unpubl. data) .
The findings based on ICP-MS data were corroborated and extended by the high-precision data on 204 Pb-based ratios determined by TIMS (Fig. 3) . The small number of samples per site analyzed by TIMS precluded a statistical comparison, but differences between sites that exceeded TIMS analytical error indicated that the walrus contained leads of distinctly different composition. The data showed that Resolute walrus were clearly different from Grise Fiord and Thule animals (Fig. 2b) , while the similarities between some Grise Fiord and Thule walrus were confirmed.
DISCUSSION

Implications for Walrus Stock Structure
From the perspective of stock discrimination (sensu Royce, 1972) , the significant differences and limited overlap of Pb isotopic values between locations suggest that across the Canadian/Greenland Arctic, hunters harvested walrus from local stocks. The analysis of whole-cementum samples means that each data point represents an integrated lifetime average of an individual's exposure to bioavailable Pb. Therefore, significant mean isotopic differences between locations can be interpreted as indicating groups of individuals that exploited substantially different geochemical/geographical environments (habitats) when averaged over their lifetimes and when averaged over all individuals. The approach used here does not allow us to test the possibility that certain stocks may temporarily move and share habitat with adjacent stocks or the possibility that a few individuals may temporarily exploit habitats that are different from those of most other members of their stock. In situ microanalyses of Pb isotopes in tooth annuli are underway to examine these possible variations in individual and stock movement patterns that are likely to be obscured by whole-cementum analyses.
The results of this study and Outridge and Stewart (1999) indicate that most of the regional groupings proposed by Born et al. (1995) 2.550 ± 0.008 ± 0.034 ± 0.024 ± 0.034 ± 0.027 ± 0.037 ± 0.050 ± 0.082 ± 0.036 ± 0.032 ± 0.007 ± 0.021 a Data that were previously examined by Outridge and Stewart (1999) . b Three more walrus are reported here in addition to the five reported by Outridge and Stewart (1999) . stocks at Coral Harbour, Loks Land, and Repulse Bay, with some degree of overlap between the catches of adjacent villages. It is unknown at present whether this overlap indicates temporary or partial sharing of habitat by the individual stocks or hunters' taking a few animals from the stocks hunted by adjacent communities. There was no evidence in this study of exchange between Coral Harbour/Loks Land and Sisimiut walrus (stock #4) or between Coral Harbour/Repulse Bay and Foxe Basin animals (stock #1). However, ion microprobe analysis of Pb isotopes in the growth annuli of teeth from some Hall Beach walrus suggested a degree of exchange between northern Foxe Basin and the Coral Harbour/Repulse Bay area (R. Stewart and P. Outridge, unpubl. data) . The Coral Harbour stock on average was also isotopically distinct from that of Akulivik (stock #2) but with some similar individual signatures, again suggesting either movement between areas or a hunting area shared by both communities for part of their catches.
The present study suggests that the "North Water" stock (#5) identified by Born et al. (1995) could also be subdivided. High-precision TIMS analysis showed that Resolute walrus, although few in number, were clearly different from those at Grise Fiord and Thule. Some of the walrus landed at Thule and Grise Fiord were different from each other, but others exhibited similar isotopic signatures even in TIMS analyses. This overlap suggests that part of the catches of both communities came from a common stock, possibly in northern Baffin Bay. The putative common stock comprised approximately 80% of the Grise Fiordharvested animals but only about 20% of the Thule animals. Andersen and Born (2000) found significant genetic heterogeneity among male walrus sampled at Thule during winter and suggested that this reflected males from different "sub-groups" wintering in the Thule area. Within the NE High Arctic of Canada and northern Baffin Bay, walrus are known to winter in several recurrent polynyas that are separated by hundreds of kilometres of consolidated ice (e.g., Kiliaan and Stirling, 1978) . This winter distribution pattern may tend to favour fragmentation of the region's walrus into several local stocks, as indicated here.
The stocks identified by this study are in some respects consistent with the regional groupings proposed by Born et al. (1995) because there was no evidence of walrus moving or being hunted across those regional boundaries. However, it is unclear whether in all cases the regional groups and the local stocks identified here are comparable. Part of the difficulty lies in the use of different methods of delineating "stocks." The regional groups were based primarily on distribution and movement data. These data have subsequently been supported by other types of information that suggest the groups may represent a mixture of "stocks" and "populations" (using the definitions by Royce [1972] and Pianka [1978] that are employed here). Genetic Sources of geological data: GSC (1996) and Kirkham et al. (1995 Andersen et al. (1998) , Andersen and Born (2000) , and Born et al. (2001) indicated that walrus in NW, W, and E Greenland (stocks #4, 5, and 6) belonged to separate populations (sensu Pianka, 1978) , which is consistent with the findings of separate "stocks" in the present study. Analyses of persistent organic pollutants in animals from NW and E Greenland and SE Baffin Island (i.e., stocks #3, 5, and 6) also indicated that they were different stocks (Muir et al., 2000) in the sense used here. One possible explanation is consistent with both genetic and biogeochemical data: Atlantic walrus may be distributed in local stocks that are in some cases part of larger populations, with the "regional stock" areas approximating the boundaries of distinctly different populations. Biogeochemical approaches to studies of stock definition (sensu Royce, 1972) , which use stable isotopes or elemental signatures, provide information that complements but is fundamentally different from that obtained in genetic studies of populations (sensu Pianka, 1978) .
Genetics and biogeochemistry in this context are measures of two distinctly different processes. Genetics measures interactions between individuals over generational time scales, while biogeochemistry measures interactions between an individual and its environment within the individual's lifetime. Genetic analysis is not directly informative about an individual's or group's exploitation Pb for walrus from nine communities and the upper range of values in bedrock surrounding Akulivik, Sisimiut, and Scoresbysund. The coloured polygons in A and B indicate the bedrock isotope data around Scoresbysund, Akulivik, and Sisimiut (Legend in A). Walrus values determined by TIMS; 3δ error bars around data are smaller than the symbols. Legend for walrus landed at different communities is shown in B. Data used to define the bedrock Pb isotopic composition came from Taylor and Kalsbeek (1990) , Hegner and Bevier (1991) , Taylor et al. (1992) , Whitehouse et al. (1998), and Hansen and Nielsen (1999 Pb/ 207 Pb data for walrus captured by communities in (A) regional stock areas #2, #3 and #4, and (B) regional stock #5, the "North Water" stock. Analyzed by ICP-MS. In plot A, diamonds indicate stock #2 communities in SE Hudson Bay, squares indicate stock #3 communities in N Hudson Bay to SE Baffin Island, and triangles indicate stock #4 in W Greenland. Arrows indicate walrus that were subsequently analyzed by TIMS (see Fig. 3 ). Error bars represent 3δ of concurrent analyses of NIST 1400 Bone Ash SRM.
of its habitat, although inferences may be made on the basis of genetic relationships between and within populations. Conversely, geochemistry is not informative about an individual's familial relationships. From a stock discrimination perspective, biogeochemical information is directly relevant; however, it also has limits to what can be determined with certainty. Different geochemical signatures (isotopes or elements) between sites indicate that the animals hunted by the communities exploited their environment differently. Similar geochemical signatures do not necessarily indicate that the communities hunted the same stock. In a geochemically homogeneous environment, different groups of animals may exist that become recognized only when the appropriate stock indicator (contaminants, biochemical indices, radioactive contaminants, etc.) is employed.
Relationships between Pb in Walrus and Geology
The heterogeneous Pb isotope pattern in walrus across the Arctic suggests an association, direct or indirect, between Pb in walrus and that in local geological sources. Weathering of continental crust ultimately causes Pb to enter aquatic systems, with most of the Pb transported in particulate material (Allegre et al., 1996) . Isotopic studies of suspended material in rivers have shown a strong correlation between particulate Pb isotope ratios and the geological age of the catchment area (Asmerom and Jacobsen, 1993; Allegre et al., 1996) . These local terrestrial inputs should control Pb isotope composition in most Arctic coastal waters. Atmospheric (industrial) Pb inputs have had no measurable impact on Pb isotope ratios in either walrus teeth from Igloolik (Outridge et al., 1997) or marine bivalve shells north of the Arctic Circle in Canada. Oceanic inflows of Pb from other areas of the Arctic Ocean are also unlikely to be significant because the residence time of Pb in nearshore seawater is short-approximately two years (Flegal and Patterson, 1983; MacDougall, 1991) .
A detailed explanation of the relationship between geology and walrus requires an understanding of the processes that govern geological Pb isotopic composition and the processes that convey the Pb from bedrock to marine ecosystems. The Pb isotopic composition of continental crust is generally a function of its geological age, its initial Pb isotopic composition, and its U/Pb and Th/Pb ratios (Dickin, 1995) . A geological age effect apparently occurs in some parts of the study area. For example, the least radiogenic Pb occurred in walrus from Scoresbysund in east Greenland, a region characterized by Tertiary basaltic lavas to the south and relatively young crustal ages (400-1000 Ma) elsewhere. More radiogenic leads in walrus occurred in Thule and Repulse Bay, areas characterized by Proterozoic or Archean crust reworked in the Proterozoic.
However, relating the Pb composition in walrus teeth to geology is complicated by a number of factors. First, the geological Pb isotope database for the Arctic is geographically restricted, and the geology of the study area is complex, with extensive reworking of geological units at several times in the past. Second, differential weathering may lead to isotopically variable contributions of bioavailable Pb from specific mineral phases or rock types (or both). Isotopic data are lacking across the Arctic for materials such as till deposits or river water, which are intermediate between bedrock and seawater in the weathering/transport process. 204 Pb-based isotope ratios in walrus teeth in each area are generally more radiogenic than average surrounding bedrock (Fig. 3) , although rock units with radiogenic Pb that matches walrus Pb composition are locally present. For example, 206 Pb/ 204 Pb values exceeding 19.5 are common in the walrus data but relatively uncommon in the rock record (Fig. 3a) ; the minimum 206 Pb/ 204 Pb values in bedrock are as low as ca. 14.0. This dichotomy suggests that a fractionated, radiogenic, and bioavailable Pb component is preferentially transferred from continental areas to the marine environment, where it is incorporated into the walrus food chain. Most likely the pattern reflects the preferential weathering of minerals damaged by high U contents (e.g., Harlavan and Erel, 1999) . From a global perspective, the walrus Pb isotopic compositions are more radiogenic than is typical for river-transported Pb from Precambrian terranes (Asmerom and Jacobsen, 1993; Allegre et al., 1996) and are considerably higher than those in central Arctic Ocean seawater (Winter et al., 1997) . The walrus also exhibited a greater degree of isotopic homogeneity than bedrock, both Arctic-wide and within a given area. This homogeneity indicates a high degree of mixing and integration of geological leads, presumably during weathering and transport of terrestrial material, as well as the incorporation by walrus of any isotopic variation occurring among feeding areas. The latter phenomenon may explain the significant Pb isotopic variations found between individual growth annuli of walrus teeth (Stern et al., 1999) In summary, there are some associations between terrestrial geological age and walrus Pb composition, but geological age alone cannot predict the range of values for walrus from a given area. Other geological processes, including contributions from glacial till and differential weathering, may have played a role in determining the isotopic composition of bioavailable Pb entering the walrus food chain.
208 Pb was particularly important as a discriminator between stocks, reflecting the compositional control (Th/U ratio) of local terrestrial materials on walrus Pb isotope compositions. Local terrestrial inputs appear to control the Pb composition of coastal seawater and food chains, and so Pb isotopes may be particularly useful to resolve the stock structure of other nearshore marine species at a fine spatial scale.
